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ABSTRACT 

Of particular interest for neutron-physics studies are spallation-neutron sources (SNSs) 
using intense proton beams with energies in the GeV range. Some SNSs already provide 
average fluxes of thermal and cold neutrons comparable with those of high-flux reactors. 
Most SNSs are pulsed with high peak fluxes that can be used with the powerful time-of- 
flight (TOF) method. Also, SNSs could be developed to much higher performance. 

1 Introduction 

Intense neutron sources are nuclear reactors or are based on accelerators. Reactors have 
been mainly used with thermal and cold neutrons and accelerator-based neutron sources 
with fast neutrons. This situation is changing with the advent of SNSs, which already 
supplement and compete with reactors and other accelerator-based neutron sources. SNS s 
also present great potential for future improvements, in contrast to reactors, which are now 
close to their technological limits. Eventually, improved SNSs could do better than most 
other neutron sources [l]. 

2 Basic Features of Spallation-Neutron Sources 

Neutrons from SNSs originate from hadronic cascades of spallation reactions induced by 
high-energy protons in heavy nuclei. The energy (per useful neutron) dissipated in SNS 
neutron-producing targets is relatively small, about 25 MeV in a thick, heavy nonfissile 
target bombarded with 1-GeV protons, as compared with 180 MeV for fission. This small 
energy gives SNSs an overwhelming advantage as neutron sources whose intensity is 
limited by heat removal from the target. Average fluxes of thermal and cold neutrons from a 
1-MW SNS are equivalent to those of a 10-to-15-MW reactor. Whereas reactors reached 
their technological limit about 25 years ago, with thermal-neutron fluxes of about 10'' 
n/cm2.s, SNSs are making steady progress with today average and peak thermal-neutron 
fluxes of 2 x lo4 n/cm2.s and = 10l6 n/cm2.s, respectively and have a great potential for 
future improvements (Fig. 1). In addition, SNSs have many other advantages, including 
the time structure (at the macroscopic and microscopic levels) of the incident proton beam, 
the easy handling of this proton beam, the very wide neutron-energy range over 16 orders 
of magnitude from ultracold neutrons (UCNs) to high-energy neutrons, the absence of 
criticality constraints at the target level, and the production of special neutron beams. 
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3 Present Spallation-Neutron Sources 

Present SNSs are mostly used for condensed-matter studies with neutron beams from 
room-temperature and cold moderators. Most SNSs are also used for nuclear-physics 
studies either without neutrons (most of the time) or with neutrons (sometimes), as is the 
case for the Los Alamos Neutron Science Center (LANSCE) facilities. Most SNSs are also 
pulsed at the macroscopic level with high peak neutron fluxes, making the use of the 
powerful TOF method possible. The Weapons Neutron Research (WNR) facility at 
LANSCE uses high-energy moderated neutrons with a microscopic time structure. The 
characteristics of existing SNSs are summarized in Table I. The LANSCE neutron sources 
are superior to the Oak Ridge Electron Linear Accelerator (ORELA) throughout the energy 
range from 1 eV to 800 MeV, except in the 100-keV region. Also, LANSCE sources could 
be more easily upgraded than OWLA. 
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4 Some Experimental Results Obtained with Spallation-Neutron Sources 

Most neutron nuclear-physics experiments with SNSs were made at the LANSCE with 
epithermal and fast neutrons. Illustrations of these results were presented during the 
Conference in the following scientific areas: 

total fast-neutron total cross-section measurements at WNR, 
(n,xy) measurements at WNR, using the large-scale y-ray detector, called 
GEANIE, 
parity-violation (PV) effects in p-wave resonances at the Manuel Lujan Neutron 
Scattering Center (MLNSC). 

5 Future Spallation-Neutron Sources 

There are several projects or proposals, listed below, to upgrade existing SNSs or to build 
new SNSs, but few of these projects and proposals are funded. 

Upgrades of existing SNSs 

a The MLNSC Enhancement Proiect (funded: $38.3 M), including: 
- the upgrade of the neutron source (from 0.08 mA to 0.2 mA), and 
- the construction of 7 new instruments for condensed-matter studies. 

b The upgrade of ISIS from 0.2 mA to 0.3 mA. 

Proposals of new SNSs in the USA 

a The LANSCE Long-Pulse SDallation Source (LPSS). The LPSS would produce 
1-ms pulses at f = 60 Hz, using the full 1-MW proton beam of the LANSCE 
accelerator. 
The brightness of the LPSS cold-neutron source would be 1/4 that of the ILL. 
The average thermal-neutron flux would be 2 x 10'4n/cm2.s and the use of the 
TOF method would provide an additional advantage, sometimes as high as 16. 
Intense UCN sources could also be installed at the LPSS (see Sec. 6). 

b The National Spallation Neutron Source (NSNS), which is designed at the Oak 
Ridge National Laboratory. In its first phase, the NSNS would accelerate protons 
to 1 GeV, in 1-ms pulses at f = 60 Hz, with time compression to 1-ps pulses in a 
proton storage ring (PSR). Upgrade to 5 MW with two target stations is foreseen. 



Proposals of new SNSs in Europe 

The European Spallation Source (ESS). In the ESS, protons are accelerated to 1.3 
GeV, in 1.33-ms macropulses at a repetition rate f = 50 Hz, with an average 
current of 3.8 mA. Time compression to 1-ps pulses is achieved with two PSRs. 
The average neutron flux is 10'5n/cm2.s, which is that of the reactor of the Institut 
Laue-Langevin (ILL). 

AUSTRON (Austria). This SNS would accelerate protons to 1.6 GeV, in 441-ns 
pulses at f = 25 Hz, with an average current of 128 pA. 

Proposals of new SNSs in Japan 

The Japanese Hadron Project (JHP) (already funded). In this project, protons are 
accelerated to 3 GeV with an average current of 200 pA in 1-ps pulses at f = 25 
Hz, with a later upgrade from 0.6 to 1.2 MW. 
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The JAERI project would use 1.5-GeV protons from a linac, in 2-ms pulses at f = 
50 Hz, with an average current of 1 mA. This facility could be used either in a 
long-pulse mode of with 1-ps pulses from a PSR. 

Basic technological limitations for future very intense SNSs 

Short-Pulse SNSs use PSRs whose storage capacity is limited to 2.5 x l O I 4  
protons per pulse. Operating more than 2 PSRs in parallel is difficult and f = 50 
Hz is close to the maximum repetition rate for condensed-matter experiments. 
Therefore, the maximum average current is about 4 mA. With E, = 1.3 GeV, 
which is about the maximum proton energy suitable for an SNS, the maximum 
average power is about 5 MW and the maximum average thermal-neutron flux is 
about that of the ILL. 

Steady-state SNSs do not have PSRs with their limitations. Proton currents up to 
200 mA could be accelerated. A beam power up to 260 MW and thermal-neutron 
fluxes in excess of 10'6n/cm2.s could thus be obtained with 1.3-GeV protons, 
subject to the development of targets that could stand such a high power. 

Long-Pulse SNSs do not have PSRs either. Typically, a state-of-the-art long- 
pulse SNS would use 1.3-GeV protons with a 200-mA peak current in 1-ms 
macropulses at f = 50 Hz, therefore providing a power of 13 MW, about 4 times 
above that of a short-pulse SNS. 

6 Future Sources of Ultracold Neutrons 

UCNs have such low velocities that they are totally reflected by materials and can therefore 
be stored for long times in material bottles. Stored UCNs are very well suited for studies of 
intrinsic neutron properties. Intense UCN sources, called superthermal UCN sources, 
could be built at SNSs by using neutron-phonon interaction in frozen deuterium of 
superfluid 4He. 



The principle of UCN production in a ~uperfluid-~He bath is shown in Fig.2 where the 
dispersion curve for liquid 4He is plotted with the energy-momentum curve for a free 

values an incident neutron can produce in liquid 4He a phonon and a scattered neutron in 
the UCN-energy domain. At the LPSS of the LANSCE, a density of lo4 UCNs/cm3 would 
be expected, an improvement of more than 100 above the world record at the ILL. 

Intense UCN sources could be used for more precise measurements of the neutron electric 
dipole moment (EDM) and of the neutron decay. 

Existence of an EDM in a physical system would be evidence for PV and TRN (Time- 
Reversal-Invariance Violation) effects in this system. No EDM has ever been observed in 
any physical system but attempts at finding a neutron EDM have been made with increased 
sensitivity over the last 40 years, with the present upper limit of d, = exm, which 
already succeeded in eliminating several Grand Unification Theories (GUTS). The Standard 
Model predicts d, values from to lO”l e.cm, which are beyond the sensitivity of 
foreseeable experiments. Future d measurements with superthermal UCN sources could 
reach d, values down to about lo-‘ e.cm, which are predicted by some GUTs. 

Precise studies of the neutron decay can lead to a better understanding of the electro-weak 
interaction. The neutron lifetime z, is equal to z,’ = ( g; + 3 gi), where g, and g, are the 
axial-vector (A) and vector (V) coupling constants of the electroweak interaction, 
respectively. Use is often made of the ratio gA/ g, = 14 eio. The value of z,, which is now 
known to about 0.25% mainly because of UCN measurements, gives a precise relation 
between g, and g,. 

The differential neutron-decay probability is given by the following relation: 
W =  1 + a  -+on* A &  +BE+ D= , where pe and pv (& and I%) are the momenta 
(energies) of the electron and anti-neutrino, respectively, and on is the neutron spin. From 
V-A theory, the coefficients a, A, B, and D are equal to 

\ neutron. These two curves intersect at E* s 1 meV and k’ = 0.7 A-1 (h = 8.9 A), at which 

w- (E, Ev JVii 1 
a=- 1-h2 , A = - 2 -  h 2 + h ,  B = 2  h 2 - h , a n d  D=-2&I.&=O. 

I + 3h2 1 + 3h2 1 + 3h2 1 + 3h2 
h can be determined from measurements of a, A, B coefficients and its value, combined 
with that of z,, can yield the individual coupling constants gA and g,, 
A measured nonzero value of D would be evidence for the existence of TRIV effects in 
neutron decay. Inconsistencies in h determinations from measurements of a, A, and B 
Coefficients would indicate the possible existence of right-handed currents in the electro- 
weak interaction. 

More precise measurements of the neutron decay would therefore provide more accurate 
values of the coupling constants g, and g, and may show possible TRIV and right-handed- 
current effects. 

7 Conclusion 

SNSs are already powerful neutron sources but they also present a huge potential for future 
developments. SNSs therefore appear to be the most promising neutron sources for future 
studies in many disciplines of basic and applied physics and could lead to a renaissance of 
neutron physics [ 11. 
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TABLE I 

SNS Average 
Current 
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Energy 
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BCXUll 
Power 
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of 
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500 0.002 4 30 

30 ' 

1980 

15 450 0.007 1981 

80 

200 

800 0.064 20 

50 

1988 

800 0.160 1985 

1,500 570 0.85 Steady-State 1997 

z 2  800 =: 0.0016 100" 
(Atb = 1.8 ps) 

1986 

a) Repetition frequency of the macropulses. 
b) Typical spacing between micropulses within a macropulse. 
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Fig. 2. Dispersion curves for liquid 
4He (curve 1) and a free neutron 
(curve 2). 
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Fig. 1. History of the developments of neutron 
sources (updated version of Fig. 3.2 in [l]). 


